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Paraffin has been one of the most potential phase change materials (PCMs) in low-temperature latent
heat storage. However, the low thermal conductivity of paraffin restricts its thermal performance and
limits its large-scale applications. Adding a suitable proportion of expanded graphite (EG) into the
paraffin can enhance the heat transfer rate, thus improve the thermal efficiency of the whole heat storage
system. In this paper, five paraffin/EG composites with 2wt%, 5 wt%, 10wt%, 15wt% and 20wt% of EG
were prepared to study their long-term characteristics. Effects of thermal cycling (up to 100 thermal
cycles) on the thermophysical properties were studied, such as, phase transition temperature, latent
heat, chemical compatibility, thermal stability and thermal conductivity. The paraffin/EG composite has
the potential for converting intermittent electricity directly into heat, therefore, the effect of thermal
cycling on electrical conductivity was also studied. The results showed that both phase transition tem-
perature and latent heat decreased slightly after 100 thermal cycles, within 1% and 3% respectively.
Thermal cycling changed the distribution and interaction between the paraffin and EG resulting in a
lower temperature thermal decomposition process. Long-term thermal cycling also had a more negative
effect on the increase rate in thermal and electrical conductivity achieved for higher EG content.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Thermal energy storage (TES) using phase change materials
(PCMs) has obtained lots of research interests as it can absorb/
release a large amount of heat within a narrow temperature range
during the phase transition process [1], and it can help address
mismatch between the time of energy generation and demand and
thus improve renewable energy utilization rate [2]. PCMs are nor-
mally classified into organic PCMs, inorganic PCMs and eutectics
according to the chemical characteristics [3], in which, paraffin is a
kind of popular PCMs in low-temperature thermal energy storage
due to its lowcost, good energy storage density, low vapor pressure,
negligible super-cooling and chemical inertness [4e8]. However,
paraffin has the drawback of low thermal conductivity, whichllution Control and Resource
ineering, Tongji University,
r Ltd. This is an open access articlerestricts its thermal performance and thus limits its large scale
applications.
Introducing high thermal conductive additives into paraffin has
been proved to be an effective way to address this problem [9e11].
Carbon based materials, such as expended graphite, carbon fiber,
graphene and carbon nanotubes, are the most popular high
conductive additives used with the additional advantages of being
chemically stable, practical and low density [12]. Expanded
graphite (EG) is a porous material with a unique structure and
strong adsorption characteristics compared to other carbon-based
fillers. Adding a suitable proportion of EG into paraffin can
enhance the thermal conductivity and form a shape-stabilized
composite with the potential of preventing the leakage when the
paraffin changes its state from solid to liquid. Karaipekli et al. [13]
investigated the thermal conductivity of stearic acid (SA)/expanded
graphite composites with different proportions of EG. The experi-
mental measurements showed that the thermal conductivity of the
SA/EG composite increased almost linearly with the increase of EG
mass fraction. Sari and Karaipekli [14] investigated the thermalunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Nomenclature
DH latent heat [kJ/kg]
L thickness of the sample [m]
S cross-sectional area of the sample [m2]
Tm phase transition temperature [C]
U voltage [V]
U1 voltage of the serial electronic component in the
loop [V]
Greek
s electrical conductivity [S/m]
Fig. 1. Scanning electron microscopy (SEM) images of (a) expandable graphite powder,
(b) expanded graphite (EG) powder magnified by 50.
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of 42e44 C) and expanded graphite (EG) with different EG mass
fractions (2%, 4%, 7% and 10%) and found the thermal conductivity
of the composite increased with the increase of EG content. They
recommended that the composite PCM with a mass fraction of 10%
EG was shape stable with little leakage of liquid paraffin. Previous
researches found that when EG is mixed with PCMs, it can be
effectively distributed to form an effective conductive matrix
increasing the thermal conductivity of the composite [15,16].
The long-term effectiveness of composite PCMs and the degra-
dation in thermal properties after repeated heating/cooling cycles
are of increasing concern as PCMs are applied in actual thermal
energy storage (TES) systems [17,18]. The change of phase transition
temperature and latent heat of three kinds of paraffin wax after
1500 accelerated thermal cycles were obtained by Shukla et al. [19].
They found that thermal cycling has a little effect on phase tran-
sition temperature (within 6%) but a big negative effect on latent
heat (about 15%e25% according to different PCMs in their studies).
Cheng et al. [20] manufactured an EG/paraffin composite light-
weight wall material (LWM) and compared the thermal properties
(melting temperature and latent heat) of the composite with 15wt
% EG before and after 200 thermal cycles. The results showed that
the thermal cycling had a little effect on the melting temperature
(47.78 C before and 46.67 C after) and latent heat (16.26 J/g before
and 15.94 J/g after).
Recently, EG is also considered as a new type of electrically
conductive filler. Previous research showed that the electrical
conductivities of polymeric composites were effectively improved
when introducing EG as conductive fillers due to their formation of
an effective and complete conductive network. Therefore it is
worth investigating the electrical conductivity of paraffin/EG
composite (rarely reported in previous studies) in addition to its
thermal properties, as this composite can potentially be used to
directly covert intermittent electricity from renewables (such as PV,
wind) into thermal energy, with embedded resistive heating used
to heat the interior of the material which removes the requirement
for an extra separate electrical heater and voltage stabilizer.
Compared to heat pump, the thermal energy produced can be
stored in large-scale and at a high temperature for later use. Ac-
cording to the tunneling effect of electrons in accordance with the
percolation theory, the electrical conductivity is expected to in-
crease sharply when the concentration of inclusions or filler ex-
ceeds a critical value [21e23]. Gantayat et al. [24] investigated the
electrical properties of EG/epoxy composites prepared by a solution
mixing method. The experimental results showed that the elec-
trical conductivities of the EG/epoxy composites increased with the
increase in the proportion of EG and underwent a sharp transition
from an electrical insulator to an electrical conductor, where the
electrical percolation threshold was between 3-6wt% of EG in thecomposite.
It is known that thermal cycling can affect the properties of
PCMs. Different from other studies only focusing on the effects of
thermal cycling on phase transition temperature and latent heat of
PCMs or composite PCMs, this paper provides a comprehensive
investigation into the effects of thermal cycling on microstructures,
thermal and electrical properties of paraffin/EG composites. Five
paraffin (melting temperature of 58e60 C)/EG composites with
different mass fractions (namely 2wt%, 5wt%, 10wt%, 15wt% and
20wt%) of EG were prepared and subjected to thermal cycling (up
to 100 thermal cycles). The dispersion of EG within the paraffinwas
observed directly to assess any changes in microstructure. The
phase transition temperature, latent heat, thermal decomposition
temperature, thermal and electrical conductivity and heat storage/
release time of the composites were tested and compared before
and after 100 thermal cycles. Quantifying the differences between
the paraffin/EG composite before and after long-term thermal
cycling can be used to assess its feasibility for application in thermal
energy storage systems.
2. Experimental procedure
2.1. Materials selection
Paraffin (provided by Sinopharm Chemical Reagent Co., Ltd.,
China) has a phase transition temperature range of 58e60 C and a
thermal conductivity of 0.301W/m$K. Expandable graphitewith an
average particle size of 300 mm and an expansion coefficient of
200ml/g (provided by Qingdao Graphite Co., Ltd., China) was used
to produce the required expanded graphite.
2.2. Manufacturing process
2.2.1. Preparation of the expanded graphite
Expanded graphite was obtained by rapid expansion and exfo-
liation of expandable graphite in a high temperature furnace [25].
Firstly, the expandable graphite (Fig. 1(a)) was placed in a vacuum
drying oven at a constant temperature of 60 C for 24 h to ensure it
is in a completely dry state. Subsequently the expansion was per-
formed in a muffle furnace at a preset constant temperature of
900 C. To do this a crucible with 1e3 g of dried expandable
graphite was heated in this muffle furnace for 40 s, after which the
expanded graphite with the worm-like structure was obtained
(Fig. 1(b)).
2.2.2. Preparation of the paraffin/EG composite PCMs
Fig. 2 showed the fabrication process of the paraffin/EG com-
posites, in which the melt blending method was used to prepare
the mixture. Pre-weighed EG of mass fractions, 2wt%, 5 wt%, 10wt
%, 15wt% and 20wt%, were submerged in liquid paraffin heated to
90 C. The mixture was stirred mechanically for 3 h to ensure uni-
form mixing of the composite with maximum incorporation/
Fig. 2. The fabrication process of the paraffin/EG composites.
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contact resistance. Each composite was then cooled down and
compressed into a disk-shaped mold with a diameter of 60mm.
Pressure of 30MP was applied for 30min to form samples for
thermal and electrical conductivity measurements. The composi-
tions of the prepared samples are listed in https://www.
sciencedirect.com/science/article/pii/S0378778815302838 Table 1.
2.3. Thermal cycling and stability assessment
Each sample was placed into a drying oven at a constant tem-
perature of 60 C for 1 h, followed by cooling to 40 C. The above
heating/cooling process was repeated 100 times. After 100 thermal
cycles, the composites which appeared to have suffered a separa-
tion phenomenon were mechanically stirred and re-formed using
the pressing process described in Fig. 2 to assess any changes in
phase transition temperature, latent heat, thermal and electrical
conductivity.
2.4. Characterization of paraffin/EG composites
A scanning Electron Microscope (SEM, Hitachi, S3400N) was
used to measure the surface of the paraffin/EG composites. The
fractured surfaces were sputter-coated with gold treatment for 30 s
before the observation was made in a field emission SEM at an
accelerating voltage of 15 kV.
Differential Scanning Calorimetry (DSC, PerkinElmer Company,
America, Diamond DSC) was used to measure the latent heat and
phase transition temperature of the composites. Approximately
10mg of each sample was sealed in an aluminum crucible and
heated in a nitrogen atmosphere from 25 C to 100 C at a heating
rate of 5 C/min. Latent heat values were calculated for each sample
based on the test results.Table 1
Compositions of prepared paraffin/EG composites.
Sample m(paraffin)/g: m(EG)/g Component
Paraffin (wt%) EG (wt%)
1# 68.6 : 1.4 98 2
2# 66.5 : 3.5 95 5
3# 63.0 : 7.0 90 10
4# 59.5 : 10.5 85 15
5# 56.0 : 14.0 80 20Thermal Gravimetric Analyzer (TGA, Waters LLC, America) was
used to measure the thermal decomposition behavior of the com-
posites to determine their thermal stability during heating. To
obtain the weight change curves, each sample of around 5mg was
tested in TGA at a heating rate of 5 C/min with temperature from
room temperature (20 C) to 500 C under a nitrogen streamwith a
constant flow rate of 10ml/min.
The crystallinities of the paraffin, EG and the paraffin/EG com-
posite (10wt% of EG) before and after 100 thermal cycles were
investigated using a Bruker D8 Advance X-ray diffractometer (XRD,
Bruker, Germany), and the diffraction patterns collected in the 2q
ranging from 10 to 90 at a scanning rate of 0.1/min and a step
size of 0.02.
Thermal conductivities of the paraffin/EG composites through
the perpendicular direction to the compression plane were
measured by a Hot Disk thermal constants analyzer (Swedish hot
disk Co., Ltd., TPS 2500S) which has an accuracy of ±3%. The
apparatus is based on the transient planar heat source approach
and is suitable for testing homogeneous and isotropic materials.
Before the test commenced, the analyzer was turned on and the
sample was preheated for 30min. To ensure the accuracy of the
measured thermal conductivity values, each sample was tested 4
times at intervals of 30min and the average value was taken.
The electrical conductivities of the paraffin/EG composites were
measured by a Keithley 2700/7708 general-purpose source-meter
(61/2) which has two channels to collect the voltage applied to the
sample (U) and the voltage of the serial electronic component (10U)
in the loop (U1). Two thin copper sheets were used as the
conductive electrodes in the vertical direction of the disc-like
composite PCM, and a fixed pressure (100N) was applied to
ensure close contact with the sample. A direct current was then
applied to the sample at room temperature. The electrical con-
ductivity (s) was calculated using Eq. (1)
s ¼ U1L=10US (1)
where L and S are the thickness and the cross-sectional area of the
sample, respectively.
The temperature-time curves of the paraffin/EG composites
during the heat storage/release processes were also recorded by a
Keithley 2700/7708 general-purpose source-meter. Four thermo-
couple probes (±0.2 C) were evenly inserted into the sample,
located 1 cm away from the edge and 1 cm deep. The beaker with
the sample was placed in a constant temperature water bath
Fig. 3. Scanning electron microscopy (SEM) images of paraffin/EG composites (a) 2wt
% EG, (b) 5wt% EG, (c) 10wt% EG, (d) 15wt% EG and (e) 20wt% EG before the thermal
cycles; (f) 2wt% EG, (g) 5wt% EG, (h) 10wt% EG, (i) 15wt% EG and (j) 20wt% EG after
100 thermal cycles.
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sample reached 40 C, it was quickly taken out and put into a high
temperature bath of 80 C to obtain a temperature response curve.
When the temperature of the whole sample reached 80 C, it was
quickly removed from the high temperature bath and put into the
cryostat at 40 C to obtain the cooling curve.
3. Results and discussion
3.1. Microstructure analysis
Fig. 3 shows the SEM images of the paraffin/EG composites with
different proportions of EG under the same magnification before
and after 100 thermal cycles. There is an obvious difference in the
internal structures of the paraffin/EG composites before and after
100 thermal cycles. Fig. 3(aee) presents the morphology of five
composites (2wt%, 5wt%, 10wt%, 15wt% and 20wt% of EG) before
the heating and cooling cycles. The void structure of EG does not
change significantly with the increase inweight percentage of EG at
the lower content levels (2wt% and 5wt%) which are presented in
Fig. 3(a) and (b). There are obvious block and strip paraffin clusters
on the surface, indicating that the amount of paraffin exceeds the
absorption capacity of the EG and the capillary force of the EG is not
sufficiently strong resulting in paraffin gathering on the pore sur-
face and inside the pores. With further increasing EG proportion
(10wt%), the available paraffin is insufficient to fill all the EG
microporous structures and the honeycomb network structures of
EG, which increase the potential of improved thermal and electrical
conductivities of the composites.
As shown in Fig. 3(f)e(j), the structure of each paraffin/EG
composite changes after 100 thermal cycles. For the composites
with lower EG contents (2wt% and 5wt%), the block and strip
paraffin clusters on the surface increase due to the thermal cycles,
shown in Fig. 3(f) and (g). For the composites with higher EG
contents (10wt%, 15wt% and 20wt%), the honeycomb network of
EG is thoroughly covered with paraffin layer, illustrated in Fig. 3(h),
(i) and (j). Fig. 3(i) and (j) also show that some undispersed worm
structures are found on the cross section of the composites with the
increase of EG content. This might be due to the stress effect caused
by expansion, which destroys the structural integrity of the EG
Ref. [26], and therefore the EG microporous structures gradually
change. The liquid paraffin flows from the void structure and ad-
heres to the surface of the EG particles.
3.2. Phase transition temperature and latent heat
Fig. 4(a) and (b) show the measured DSC curves of the paraffin/
EG composites with different proportions of EG before and after
100 thermal cycles, respectively. It is clear that all curves contain
two phase transition peaks, the former undergoing a solid-solid
phase transition at around 42 C and the latter being a solid-
liquid phase transition at around 60 C.
As shown in Fig. 4(a), the phase transition temperature and
latent heat of the paraffin/EG composites before thermal cycling
decrease with the increase of the proportion of high thermal
conductive EG. Since the addition of EG leads to a decreased pro-
portion of paraffin in the composite, it is vital to make sure the
minimum proportion of EG required while sufficiently improving
the thermal conductivity of composites with minimum leakage.
The phase transition temperature and latent heat of the paraffin/EG
composites after 100 thermal cycles are shown in Fig. 4(b). The
same trend can be seen in the change of phase transition temper-
ature and latent heat of the paraffin/EG composites, which decrease
with increase of EG content.
The measured values of phase transition temperature and latentheat of the samples before and after 100 thermal cycles are listed in
Table 2. The phase transition temperatures of the five prepared
paraffin/EG composites after 100 thermal cycles have slightly irreg-
ular decreases of 0.56 C, 0.09 C, 0.28 C, 0.43 C and 0.34 C and the
changes of latent heat capacity are 2.5%, 2.9%, 3.0%, 2.6%,
and 2.5% compared with the values obtained before thermal
cycling.
Fig. 4. DSC heat flow measurements for the paraffin/EG composites with different
mass fractions of EG: (a) before thermal cycling, (b) after 100 thermal cycles.
Table 2
Measured values of phase transition temperature and latent heat of the prepared
paraffin/EG composites before and after 100 thermal cycles.
Sample Phase transition temperature, Tm
(C)
Latent heat, DH (kJ/kg)
Before thermal
cycling
After 100 thermal
cycles
Before thermal
cycling
After 100 thermal
cycles
1# 61.46 60.90 138.04 134.60
2# 60.79 60.70 134.87 130.90
3# 60.58 60.30 123.84 120.10
4# 60.23 59.80 120.09 116.90
5# 59.74 59.40 115.54 112.60
Fig. 5. XRD patterns of paraffin, EG and paraffin/10wt%EG composite.
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The crystallinities of paraffin, EG and the paraffin/10wt%EG
composite before and after 100 thermal cycles were investigated by
XRD and their measured patterns are presented in Fig. 5. It is clear
that the reflection peaks of the composites before and after thermal
cycling consist of both peaks from EG and paraffin with no new
substance formed, indicating that no chemical reaction takes place
between paraffin and EG, and the crystal structure is unchanged
before and after 100 thermal cycles [19,26]. This is because only
physical mixing and compression are used in the preparation of the
composites. It is also clear that the paraffin/10wt% EG composite
exhibit similar XRD profiles before and after 100 thermal cycles.
The two XRD curves contain both characteristic peaks of paraffin
and EG, with two main peaks of paraffin locating at 2q of 21.6 and
23.9 and the main peak of EG locating at 26.7, which further
verifies no chemical reaction occurring in the paraffin/EG com-
posites either before or after 100 thermal cycles.
3.4. Thermal stability
Thermal stability determines the reliability and durability of the
composites during long-term operation and plays an important
role in assessing the potential applications of the paraffin/EG
composites in heat storage systems. Fig. 6 shows the thermal sta-
bility profiles of the prepared paraffin/EG composites measured by
TGA before (a) and after 100 thermal cycles (b). Obviously, the
weight loss curves of all the composites are quite similar, exhibiting
a one-step degradation process. Temperatures of thermal decom-
position for the composites with lower EG proportions (2wt% and
5wt%) change slightly after 100 thermal cycles. For the composites
with higher EG proportions (10wt%, 15wt% and 20wt%), the
temperatures of thermal decomposition have more decreases
compared to the values before thermal cycling.
As shown in Fig. 6(a), all the paraffin/EG composites begin to
evaporate at around 180 C and completely decompose at around
380 C. When not subject to thermal cycles, the peak thermal
degradation temperatures of the paraffin/EG composites (2wt%,
5wt%, 10wt%, 15wt% and 20wt%) are 266.6 C, 272.2 C, 276.4 C,
279.8 C and 274.7 C, respectively. After complete thermal
decomposition only the EG component remains in the composite.
The peak degradation temperatures for the composites with higher
EG proportions (10wt%, 15wt% and 20wt%) reduce compared to
the values before thermal cycling by 17.9%, 14.1% and 11.0%,
respectively. This may be attributed to the failure of micro-pores of
EG in the composites during thermal cycling. Thermal cycling can
change the distribution and interaction between the paraffin and
EG, therefore a little paraffin overflows from the micropores of EG,
resulting in a lower temperature thermal decomposition process.
3.5. Thermal conductivity
During the heat storage/release process, natural convection in
the liquid PCM in the composites can be neglected in the heat
transfer process if enough EG is present due to the strong capillary
forces of the EG microstructures locking paraffin in the EG matrix.
The improvement in thermal conductivity of the paraffin/EG
composite compared to pure paraffin largely depends on the EG
proportion in the composite because EG has a much higher thermal
conductivity (100W/m$K [16,27]) than paraffin (0.301W/m$K).
Fig. 7 shows the thermal conductivities of the paraffin/EG
composites with different mass fractions of EG measured before
and after 100 thermal cycles, respectively. It is clear that the ther-
mal conductivity of the paraffin/EG composite increases with the
increase of EG proportion. For each paraffin/EG composite, the
Fig. 6. Weight loss curves of the prepared paraffin/EG composites by thermogravi-
metric analysis.
Q. Wang et al. / Renewable Energy 147 (2020) 1131e11381136thermal conductivity decreases after 100 thermal cycles. The re-
sults show that the proportion of EG affects the rate in decrease of
thermal conductivity. For example, the thermal conductivities of
the composites with lower proportions of EG (such as 2wt% and
5wt%) only have slight decreases after 100 thermal cycles. For the
composites with higher proportions of EG (such as 10wt%, 15wt%
and 20wt%), the reductions in thermal conductivities are greater
after 100 thermal cycles. Increased levels of EG have reduced the
composites stability and led to larger decreases in composite
thermal conductivity after thermal cycling. Although the thermal
conductivities of the prepared paraffin/EG composites reduce after
thermal cycling, they are still much higher than that of pure
paraffin, even for the composite with 2wt% of EG.
Before the thermal cycles, the thermal conductivities of paraffin/
EG composites with different proportions of EG (2wt%, 5wt%,10wt
%, 15wt% and 20wt%) were 2.1, 4.0, 13.6, 20.4 and 40.4 times higherFig. 7. Measured thermal conductivities of the paraffin/EG composites with different
mass fractions of EG before and after 100 thermal cycles.than that of pure paraffin, respectively. These results also indicate
that the improvement in thermal conductivity is due to the high
thermal conductive EG. The slight increases in thermal conductiv-
ities for composites with EG contents of 2wt% and 5wt% may be
because the uniformly dispersed EG particles are surrounded by
excess paraffin and so they cannot effectively contact each other,
resulting in an incomplete network structure of EG. The increase in
EG content in the composite PCM results in a nonlinear increase in
the thermal conductivity, due to the heat transfer matrix/conduc-
tion network formed by interconnected EG particles, acting as a
"thermal bridge" through the paraffin.
The measured thermal conductivities of the composites with
2wt% and 5wt% of EG are 0.85W/m$K and 1.32W/m$K after 100
thermal cycles, respectively (an increase of just under 0.5W/m$K).
When the proportion of EG is further increased to 20wt%, the
thermal conductivity of the composite increases by 3.62W/m$K,
4.3W/m$K and 6.42W/m$K for each subsequent 5wt% increase in
EG. The measured thermal conductivities of the five paraffin/EG
composites (2wt%, 5 wt%, 10wt%, 15wt% and 20wt% of EG) are
10.1%, 12.5%, 17.4%, 33.3% and 48.5% lower than those of the same
composites before thermal cycling. In general, thermal cycling has a
negative effect on the measured thermal conductivity as can be
seen in Fig. 7. The increase rate in thermal conductivity for every
5wt% increase of EG after 100 thermal cycles is lower than before
the thermal cycles, which is mainly due to the uneven distribution
of paraffin and EG caused by the movement of the graphite parti-
cles. The microstructure revealed by the SEM and presented in
Fig. 3(j) also shows that there are some undispersed worm-like
structures in the cross section of the composite which reduce the
overall thermal conductivity.
During the heat storage/release cycles, in a long-term operation,
thermal conductivity of the paraffin/EG composite is primarily
determined by the compatibility of EG with paraffin after thermal
cycles and the interfacial thermal resistance (also known as ther-
mal boundary resistance), as well as the morphology of the
microporous structures of the EG inside the sample, which is in a
good agreement with the findings of a previous study [28]. The
microscope shows that a little paraffin overflows from the micro-
pores of the EG and dissociative paraffin increases on the surface of
the composite, therefore the overall thermal conductivity of the
composite reduces accordingly.
3.6. Electrical conductivity
EG is added to a thermal insulation material as an electrically
conductive filler to form an electrically conductive composite. The
electrical conductivity of the composite depends not only on the
amount of EG but also on the effective dispersion of the EG in the
composite which is the key to produce a continuous conductive
path. The electrical conductivities of paraffin/EG composites are
plotted as a function of EGmass fraction in Fig. 8. The EG proportion
influences the percolation phenomenon [21,29] on the electrical
conductivity of the paraffin/EG composite that after a certain crit-
ical value of EG content the electrical conductivity of the composite
material rises sharply. With the increase of electrically conductive
EG, the distances between the conductive particles decrease and
conductive channels are created in the composite that allow elec-
trons to move freely. When approaching the percolation threshold,
a little increase of EG can lead to a formation of three-dimensional
conductive networks, therefore the electrical conductivity in-
creases quickly [30]. After that, further increasing EG content in the
composite has no obvious effect on the increase of electrical
conductivity.
In Fig. 8, it is obvious that there is a sharp increase (five orders of
magnitude) in electrical conductivity before and after thermal
Fig. 8. Curve fits of electrical conductivities of the paraffin/EG composites with
different mass fractions of EG (Points indicate experimental measurements).
Q. Wang et al. / Renewable Energy 147 (2020) 1131e1138 1137cycling when the proportion of EG increases from 2wt% to 5wt%.
When the EG proportion is 20wt%, the electrical conductivities
achieve to 10.16 S/m and 7.58 S/m before and after 100 thermal
cycles. To obtain a more accurate percolation threshold, two
paraffin/EG composites with 3wt% and 4wt% of EG were also
produced and tested. According to the percolation theory [31], the
electrical conductivity curve of paraffin/EG composites is differen-
tiated and the peak value of the differential curve is defined as the
percolation threshold. The percolation threshold is observed at
3.82wt% and 3.80wt% of EG for the studied paraffin/EG composites
before and after thermal cycles. In comparison, the increase of the
composite before thermal cycles was at least 0.028 S/m higher than
the composite after 100 thermal cycles and the percolation
threshold changed by only 0.02wt%. Additionally, after the perco-
lation threshold, the changes in electrical conductivities between
adjacent test points after 100 thermal cycles were less than those
before the thermal cycles. Little increase can be found with a
further increase in EG content in the composite (10wt%). This is
because a relatively stable conductive network has been formed in
the samples and adding more EG mainly acts as reinforcement
rather than enhancement of electrical conductivity.Fig. 9. The heat storage and release processes of paraffin/EG composites before and
after thermal cycling: (a) heat storage; (b) heat release.3.7. Heat storage and release process
The heat storage and release processes of the prepared paraffin/
EG composites were measured in a cryostat (40 C) and a high
temperature bath (80 C). The composites with lower EG contents,
for example 2wt% and 5wt%, undergo a solid-liquid phase change
during the heat storage and release process due to the insufficient
EG to absorb all the paraffin in its microstructures. In this case,
natural convection dominates heat transfer in the liquid paraffin,
which affects the accuracy of the collected temperature data. More
than 10wt% EG in the composite can enable the composite to
maintain a stable shape when the paraffin is in liquid state with
little leakage. Due to this only the composites with 10wt%, 15wt%
and 20wt% EG were tested to assess their heat storage and release
characteristics.
Fig. 9 shows the temperatureetime curves of the paraffin/EG
composites during the heat storage and release processes. The heat
storage process can be divided into three stages. From 40 C to
50 C, no phase change occurs, and the temperatures of the samples
increase almost linearly with time. The samples with a higher
proportion of EG have a quicker temperature rise. The phase change
process occurs between 52 C and 60 C, after which, paraffin inside
the composite is completely melt and the temperature of the
composite rises rapidly and linearly again. The total times required
for heat storage in these tests when the temperature rises from
40 C to 80 C before thermal cycling are 51.6min, 42.8min and35.3min for composites with 10wt%, 15wt% and 20wt% EG,
respectively. Corresponding times required for heat storage for the
composites after 100 thermal cycles are 57.0min, 46.1min, and
37.7min, respectively, which are 10.6%, 7.8% and 6.9% longer.
There are three stages in the heat release curves of the tested
composites as well, seen in Fig. 9(b). The total heat release times
when temperatures reduce from 80 C to 40 C for the composites
with 10wt%, 15wt% and 20wt% of EG are 7.5%, 6.1% and 5.8% longer
compared with those before thermal cycling. In general, the ther-
mal cycles can make the heat storage/release process a little longer.
The reasons might be that the networks built by EG particles in the
composites change, resulting in the agglomeration of EG, which
negatively affects the heat transfer inside the composites.4. Conclusions
In this study, a comprehensive investigation of the effects of
thermal cycling on physical, thermal and electrical properties of
prepared paraffin/EG composites (2wt%, 5wt%, 10wt%, 15wt% and
20wt%) was performed, as long-term cycling performance is the
key for feasibility of PCMs or composite PCMs in practical thermal
energy storage applications. The studied properties included phase
transition temperature, latent heat, chemical compatibility, ther-
mal stability, thermal and electrical conductivity, heat storage and
release characteristics.
Thermal cycling has a little irregular effect on phase transition
temperature and a negative effect on latent heat. After 100 thermal
cycles, the changes of phase transition temperature and latent heat
were within 1% and 3%, which are fully acceptable for a large-scale
thermal energy storage system. XRD analysis confirms no chemical
reaction taking place in all the composites before and after 100
thermal cycles.
Q. Wang et al. / Renewable Energy 147 (2020) 1131e11381138After 100 thermal cycles, the peak degradation temperatures for
the composites with higher EG contents (10wt%, 15wt% and 20wt
%) decreased by 17.9%, 14.1% and 11.0%, compared to those before
the thermal cycles. All the peak degradation temperatureswere still
higher than 200 C, which is acceptable for a low-temperature
thermal energy storage system.
Thermal cycling has also a negative effect on the increase in
thermal conductivity achieved for paraffin/EG composites with
higher EG contents, which was confirmed by experimental data of
heat storage and release processes. Whilst, only a very little influ-
ence was found on electrical conductivity, for example, the elec-
trical percolation thresholds were both found to be around 3.8wt%
of EG before and after 100 thermal cycles.
In summary, thermal cycling has a more obvious effect on
paraffin/EG composites with higher EG contents. Adding EG in to
PCMs can enhance the thermal conductivity and form a shape-
stabilized composite solving the leakage issue when PCMs are at
liquid state. Therefore, a required minimum amount of EG in the
composite should be determined from the aspect of thermal con-
ductivity enhancement and minimizing the thermal cycling effect.
In addition, the thermal and economic efficiency of a thermal en-
ergy storage system with such paraffin/EG composite should be
assessed in the following work to comprehensively study their
feasibility in practical applications.
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